Secondary recovery methods have proven to be effective in recovering heavy oils from petroleum reservoirs. However, challenges concerning the offshore ultra-deep environment have prompted further research into the removal of light and intermediate oils. In this context, this study aims to conduct fluid dynamics simulation of the secondary recovery of intermediate oils from a Brazilian petroleum basin by means of water injection. The oil recovery factor and the overall recovery efficiency were evaluated. The developed model was based on a two-phase oil/water model, and the simulations were carried out with the aid of the two commercial fluid dynamic packages ICEM CFD TM and ANSYS CFX 13.0 TM . Water injection provided a recovery factor greater than 65% and overall efficiency of 38% recovery, showing that this method can be considered for use in the removal of intermediate oils from offshore petroleum basins. The well operation time was closely related with water saturation in the domain.
INTRODUCTION
The twenty-first century has seen numerous technological advances in various areas. In pharmaceutical, textile, automobile, and telecommunication fields, for instance, several innovations have helped humankind to improve the quality of life in terms of practicality and efficiency. Population growth and the desire to live longer and better have resulted in rampant consumerism. Meeting the needs of the capitalist system is crucial to maintaining social and technological standards of living, which demand the production of large amounts of energy.
Primary energy from reservoirs are considered to be the first way to exploit the oil -the difference in pressure between the reservoir and the background of the well generate the driving force required for petroleum to rise in the well (Thomas, 2004; Curbelo, 2006) . Severe shortage of world petroleum reserves prompted the search for alternative strategies that would allow for better use of mature (already exploited) petroleum wells. The target was to obtain higher recovery than those afforded by the conventionally employed processes, which removed 15% of the total oil present in the petroleum reservoirs (Rosa et al., 2011).
These new approaches were designated secondary and enhanced oil recovery. These processes were based on the injection of certain fluids inside de bulk of the reservoir. They facilitated the removal of the main or residual oil from rock pores and transported oil to the surface more rapidly and efficiently. To promote oil mobility in a porous medium, secondary and enhanced oil recoveries only relied on the pressure gradient generated by the injected fluid and on changes in the physical and chemical properties of the stored oil, respectively (Santos et al., 2010; Rosa et al., 2011). Fluid injection, which is less expensive and allows for easy separation of the oil from the fluid, stands out among recovery methods. Water in its natural form (or heated) is the fluid that is the most often employed in the process.
Several works have simulated reservoirs with respect to recovery methods, oil type, and injection scheme to address process effectiveness. Cunha (2010) modeled a composite heavy oil reservoir with rectangular dimension and without symmetry. This author considered that the permeability and porosity of the rock were equal to 0.25 and 2.10 -12 m 2 , respectively, and evaluated oil recovery after water injection using a five-spot domain scheme. In isothermal and non-isothermal conditions, this author obtained a recovery factor of 10-17% and 25%, respectively. Costa et al. (2010) also simulated heavy oil recovery from the same domain via water injection under thermal and isothermal conditions, to achieve 25% and 11% recovery, respectively. Their data confirmed the results reported by Cunha (2010).
Because oil viscosity is much greater than water viscosity, one problem associated with water injection is the appearance of the viscous fingering phenomenon. The fact that water has better mobility than oil leads to an early production of oil fingers (Mariano et al., 2007).
One of the factors that can determine water injection efficiency during secondary and enhanced recovery is the heterogeneity or the geological conditions of the reservoir (Han et al., 1999) . Sharma et al. (2000) stated that recovery with water makes the process economically unviable when impurities are present in the injected fluid, because the impurities reduce reservoir permeability.
Using fluid dynamics simulations, Sheng and Chen (2014) were able to produce secondary shale recovery by injecting water or gas on the basis of a Black-Oil model with four components (water, oil, dissolved gas, and solvent gas) and three phases. These authors obtained 15% and 12% recovery for gas and water injection, respectively. Other authors achieved high recoveries (between 12% and 40%) when they used the water injection method. For example, Faerstein (2010) observed that homogeneous reservoirs provided better recovery than heterogeneous reservoirs. In turn, Cotia (2012) found that application of the water injection method to light oils could yield a recovery factor higher than 30%.
A number of methods can modify oil properties to increase oil flow in the porous medium and provide enhanced oil recovery; e.g., steam injection, polymer injection, miscible fluids injection, and application of heat (the aforementioned heated water is an advanced method), among others. Mozzafari et al. (2013) simulated numerically the heavy oil recovery process with continuous steam injection. These authors aimed to examine which parameters influenced oil recovery the most. On the basis of mass conservation and energy equations, they concluded that rising injection pressure and/or temperature provided recovery of up to 60%. Rodrigues and Galvão (2007) simulated the effect of alternate water and steam injection on oil recovery. These authors attained recovery as high as 70% after alternating between the two fluids for eight years. Specifically, steam and water periods led to the recovery of 22% and 45%, respectively. Carbon dioxide injection is another recovery technique that is applied commonly worldwide. Matte (2011) assessed the feasibility of integrating an advanced recovery method with CO 2 injection. This author found that CO 2 partially dissolved in oil, which tended to cause swelling and decrease oil viscosity, ultimately assisting oil recovery. CO 2 injection usually serves as a helper method to the natural energy of the reservoir (primary energy). To speed up production, water, instead of CO 2 , frequently is injected (Cotia, 2012). Injection of about 1 kg of CO 2 into the bulk of the reservoir removes about 1 kg of oil at the producer well (Blunt et al., 1993).
The use of chemical methods to boost oil recovery has also grown fast, especially in the case of highly viscous oils. Leyva-Gomez and Babadagli (2013) developed fluid dynamics simulations by using a cylindrical mesh in which the domain comprised three regions-the oil field, the oil collection area, and the solvent region. By modifying the pressure and temperature ranges, these authors obtained recovery factors as high as 80% for heavy oil production when they used butane and propane as the injected fluid.
Computational fluid dynamics (CFD) is the main tool to conduct fluid flow simulation. CFD includes representative mathematical models of the process and runs simulations on the basis of a volume with geometric control (called mesh herein). The shape and physicochemical characteristics of the mesh are identical to the features of the real system flow, which is the petroleum reservoir in this case.
Therefore, this study aims to conduct a fluid dynamics standard simulation on a petroleum reservoir model containing intermediate oil with similar characteristics as the petroleum found in offshore ultra-deep basins. The commercial package ANSYS TM CFX 13.0 aided accomplishment of the simulations. The secondary recovery process consisted in applying a quadratic domain consisting of four injection spots located at the periphery of the mesh and a central producer well. This work should contribute to predicting the feasibility of using certain methodologies to improve oil recovery from reservoirs using a simplified modeling and boundary conditions.
METHODOLOGY
The numerical simulation in the computing environment included three major steps: (1) physical model preparation and numerical grid generation, (2) mathematical model development, and (3) implementation of initial and boundary conditions and system properties.
Definition of the physical model
The physical model corresponded to a fraction of an offshore ultra-deep reservoir on a real scale. A symmetric portion was taken from this fraction as a volume with controlled geometry (mesh) (Figure 1 ). On the basis of this mesh, a numerical grid consisting of a set of finite volume that divided the area into smaller volumes was generated. In each of these volumes, partial differential equations governing the flow phenomenon were solved numerically and simultaneously on the basis of the interaction between neighboring volumes. On the basis of the defined geometry, an unstructured numerical grid composed of 151 thousand tetrahedral elements and 30 thousand nodes was generated, as shown in Figure 3 . The Ansys CFX 13.0 application selected the Darcy Model for the porous medium flow. Thus, the mass and momentum conservation equations took the following forms:
Mathematical model
Where ϕ is the porosity, is the real 3D velocity vector, ρ is the density of the fluid, is the effective viscosity, and is a representation of the flow resistance in the porous medium which is a direct function of the fluid and reservoir properties and of the acting external forces. K is called the area porosity tensor (CFX 11.0 Guide, 2006).
Equation (1) is the definition of continuity equation; the first term represents the rate of mass accumulation, whereas the second term corresponds to the velocity gradient in porous media. Equation (2) refers to the momentum conservation equation, where the first term on the left side of the equality is the moment accumulation rate, whilst the second and third terms represent the advective flow of momentum and the diffusive flux, respectively. On the right side of the equation, one can find the terms of movement source. According to the considerations described earlier, no mass transfer occurs during the process, which makes the third term of the left side of Equation (2) inexistent. Also, to achieve high resistance in the pores, it is necessary to apply high pressure, to equalize the imbalance generated by these resistances. Hence, the other two terms (advective and accumulation term) of the left side of Equation (2) Where, α represents the continuous phase (water or oil), is the α phase relative permeability, is the α phase viscosity, is the specific mass, and is the α phase saturation.
To close the balance, it appears necessary to apply the saturation equation as: (5) Hence, is the water saturation and is the oil saturation. 
Initial and boundary conditions and fluid properties
Due to the simplicity of the model, permeability dependencies with fluids saturation were not considered, the initial water saturation in the reservoir was null, and it presented no gaseous phase. Based on Cunha (2010) and Petrobras (2007), Table 1 lists information regarding the rock formation conditions: Table 2 summarizes data from petroleum originated from the Santos basin, located 290 km off the coast of Rio de Janeiro (Petrobras, 2007), and the injected fluid (water). The molar mass was based on Cunha (2010).
To close the model, the following conditions were applied: (a) the domain was static at time zero; (b) the oil trapped in the porous medium had null velocity in the three vectorial components; and (c) the mass flow of the injected fluid was constant-0.1 kg/s. The only surface tension considered in this model was the drag force. Therefore, the value of the drag coefficient was 0.44 (default value in Ansys CFX TM 13.0), and it remained unaltered along time. Table 3 depicts the general characteristics of the simulation.
Efficiency parameters
The variation in the volumetric fraction of fluids (f) has been studied; it may be defined by Equation (6): (6) Where is the volume of fluid i , and is the total fluid volume considered in the simulation (Rosa et al., 2011) .
The recovery factor (%RF), represented by Equation (7), has also been evaluated:
Where is the volume of oil removed from the reservoir, and is the volume of oil at time zero (Rosa et al., 2011) . %RF represents the degree of oil removal and is the characteristic that is most often assessed in the field of reservoir engineering.
The Sweep Efficiency is a measure of the degree of injected fluid advance in the domain. The Horizontal Sweep Efficiency (%SE h , Equation (8)) refers to the affected horizontal area; the Vertical Sweep Efficiency (%SE v , Equation (9)) corresponds to the affected vertical area. There is also the Volumetric Efficiency (%Vol.E, Equation (10) Loops for interaction 5 (8)
Where is the horizontal area occupied by the injected fluid, is the total horizontal area of the domain, is the vertical area occupied by the injected fluid, and is the total vertical area of the domain.
However, %Vol.E does not provide the percentage of oil removal, because it is a parameter that only indicates the degree of progress of the injected fluid. Therefore, it is necessary to determine the Recovery Efficiency (%RE), which is the product of %Vol.E and %RF (the displaced oil), as defined in Equation (11) (Rosa et al., 2011).
(11)
To measure the operation time of the producer wells, it was necessary to use a Water/Oil Ratio (WOR), which indicates the quantity of water that comes out of the output well in relation to the oil rate at this same point.
RESULTS AND DISCUSSIONS

Secondary recovery-Qualitative results
The procedure described for intermediate oil recovery involved continuous injection of 0.1 kg/s of water at 370 K, the same temperature of the reservoir. The simulation time step was 48 h. This segment lasted 24,000 h, which reflected a simulation of 247 min. It is important to bear in mind that water and oil are immiscible, and that water injection into the rock increases the volume of fluid in the reservoir. Therefore, upon water injection, the rock pores undergo compression, and water exceeds its resistance. As a consequence, the injected water expels the oil present in the rock and occupies its place therein. The fact that injected fluid advances through the reservoir proves that the model is physically consistent with increased fluid volume inside the domain.
At t = 48 h, injected water starts to advance across the reservoir; a symmetric profile emerges in all four injector wells along time. At t = 4,800 h, the water flow reaches the producer well. In other words, at this time the output no longer consists of 100% oil, but an immiscible combination of water and oil exists in the bulk, while dispersion arises in the peripheral areas. Between the times of 9,600 h 100   and 16,800 h, the horizontal area invaded by water increases, and water better fills the pores that had been previously occupied by the injected fluid at a lower saturation (25% to 50% of water). Finally, at t = 24,000 h, almost all the upper area of the reservoir is full of water at high saturation. This implies that water expels much of the oil due to the immiscibility between water and oil and to the continuous inflow of injected fluid. Increasing water volumetric fraction along time gives rise to a strictly radial flow up to t = 2,400 h. Thereafter, the profile becomes slightly elongated toward the producer well. At subsequent times, water saturation augments as oil leaves the reservoir. At the end of the recovery process, the vertical area occupied by water is much larger than the vertical area occupied by oil. Figure 7 shows the response of the calculated recovery factor as a function of the process time in the presence of water stream at 0.1 kg/s.
Secondary recovery -Quantitative results
Recovery factor
The recovery factor (%RF) increases along the process; the final value is 65.12%. This value agrees with data reported by Faerstein (2010) and Guimarães et al. (2002), 55% and 65%, respectively. For a secondary oil recovery method, a value of 65% is considered high, mainly if one takes the short process time into account (Rosa et al., 2011). This result is due to a combination of ideal factors. First, injection of the fluid at constant pressure shifts the system balance toward the producer well and there isn't any variation in Figure 8 contains the curves obtained after calculation of the sweep, volumetric, and recovery efficiencies.
Recovery efficiency
The horizontal and vertical sweep efficiencies increase at a similar rate, reaching values of 78% and 75%, respectively. These efficiencies result from the radial flow that develops at the outlet of the injection wells and from the lack of variation in the permeability and porosity of the rock formation 
%RF
Process time (h)
Recovery Factor along the flow path. The volumetric efficiency is 59% at t = 24,000 h.
The recovery efficiency measures both the degree of water advance and the oil removal capacity of the injected fluid. %RE values show that the process gains importance at t = 10,000 h; before that, the efficiency is lower than 10%. At the end of the process, the recovery efficiency is 38.6%. This result indicates that, despite the great water advance and the high recovery factor, the process does not reach a high degree of efficiency. This is a consequence of the rapid breakthrough (the time that water takes to reach the producer well), and of the high saturation of water at the output, as shown in Figure 9 :
Breakthrough occurs at t = 3,500 h. Thereafter, water rapidly saturates the oil at the output through a path of water that extends until the producer well, raising the Oil/Water ratio (OWR). At t = 24,000 h, the oil saturation is equal to the amount of water at the outlet, resulting in the production of equal amounts of both fluids.
Influence of the injected fluid flow rate
To understand how the injected fluid flow influences the intermediate oil recovery factor in this model, we tested five injected fluid flow rates that varied from 0.1 kg/s to 0.5 kg/s; the other conditions remained constant, as shown in Figure  10 . In accordance to the results obtained by Cunha (2010), who varied the injection flow while testing secondary heavy oil recovery, this work has also verified increased %RF for the oil, mainly because larger volumes of injected fluid fills the reservoir to a larger extent. Figure 10 demonstrates that, at the beginning of the recovery process (from t = 0 to t = 5,000 h), %RF values rise fast. Albeit close, water flow rates of 0.1 kg/s and 0.2 kg/s yield widely different responses. The difference becomes more pronounced between t = 5,000 h and t = 15,000 h, when %RF values differ by 20% points. Only after 15,000 h do these values tend to approach. As for the other tested water flow rates (0.3 kg/s, 0.4 kg/s, and 0.5 kg/s), the difference in responses tends to increase up to t = 5,000 h. Thereafter, %RF values rise more slowly, and the differences between the responses obtained at the latter flow rates becomes smaller: 7% points. There is not any proximity with the real phenomenon, but it can prove that the model responses vary according to the expected. The injected fluid flow rate also Despite the ascending rate, the plot in Figure 11 indicates that the difference in WOR as a function of the flow rate is very small until t = 3,500 h. More marked differences arise after t = 10,000 h, when WOR starts to grow at a higher rate, especially for injected fluid flow rates of 0.4 kg/s and 0.5 kg/s. Indeed, WOR growth assumes an exponential behavior from WOR equal to 17 and 31 for injected fluid flow rates of 0.4 kg/s and 0.5 kg/s, respectively. This result indicates that 17 and 31 parts of water and 1 part of oil exist at the output well for the experiment conducted at an injected fluid flow rate of 0.4 kg/s and 0.5 kg/s, respectively. Therefore, higher injected fluid flow rates are not productive, because they afford high WRO at 24,000 h.
Producer well lifetime
The lifetime of a producing well will vary as a function of the pressure in the natural reservoir and of the pressure imposed by the adopted recovery method. If one considers a constant differential pressure, the lifetime becomes a function of the injected fluid saturation at the output well.
This work considered that the operation time of a well for each given flow corresponds to the time point when the water volumetric fraction in the producer well is 50%. Above this value, there is greater removal of water as compared with oil. One can say that the process becomes technically unfeasible, although only an economic analysis can accurately afford the feasibility. Table 4 shows the estimated producer well lifetime for each one of the injected fluid flow rate.
CONCLUSIONS
The model employed herein used mass and momentum conservation equations as well as the properties aimed at ultra-deep intermediate oil (low permeability, high porosity, and API degree of 29) to simulate a five-spot domain scheme consisting of four input wells and one output well at a constant injected fluid flow rate of 0.1 kg/s. The simulation recovery process lasted 24,000 hours and yielded a recovery factor of 65% and total efficiency of 38.6%, with large sweep area. This points out that the water injection process is viable as a secondary oil recovery method for this kind of basin in the simplified model applied.
Increasing injected water flow rate augmented the recovery factor. However, water saturation also increased at the producer well, culminating in low oil recovery. Therefore, a lower injected water flow rate should be the preferred path for successful oil recovery in this case. 
NOMENCLATURE
